The mechanisms by which ligands activate TAM receptors (TYRO3, AXL, and MER) are not well understood.
TYRO3, AXL, and MER receptors (TAMs) are three homologous type I receptor-tyrosine kinases that are activated by endogenous ligands, protein S (PROS1) and growth arrest-specific gene 6 (GAS6). These ligands can either activate TAMs as soluble factors, or, in turn, opsonize phosphatidylserine (PS) on apoptotic cells (ACs) and serve as bridging molecules between ACs and TAMs. Abnormal expression and activation of TAMs have been implicated in promoting proliferation and survival of cancer cells, as well as in suppressing anti-tumor immunity.
Despite the fact that TAM receptors share significant similarity, little is known about the specificity of interaction between TAM receptors and their ligands, particularly in the context of ACs, and about the functional diversity of TAM receptors. To study ligand-mediated activation of TAMs, we generated a series of reporter cell lines expressing chimeric TAM receptors. Using this system, we found that each TAM receptor has a unique pattern of interaction with and activation by GAS6 and PROS1, which is also differentially affected by the presence of ACs, PScontaining lipid vesicles and enveloped virus. We also demonstrated that ␥-carboxylation of ligands is essential for the full activation of TAMs and that soluble immunoglobulin-like TAM domains act as specific ligand antagonists. These studies demonstrate that, despite their similarity, TYRO3, AXL, and MER are likely to perform distinct functions in both immunoregulation and the recognition and removal of ACs.
Receptor-tyrosine kinases (RTKs)
3 TYRO3, AXL, and MER share similar structural organization of their extracellular domains that are composed of two tandem N-terminal immunoglobulin-like domains (Igs) followed by two tandem membrane-proximal fibronectin type III-like (FNIII) domains (1) (2) (3) . The intracellular regions of TAMs contain a tyrosine kinase domain that is highly conserved and includes a TAM-specific sequence KW(I/L)A(I/L)ES in the catalytic domain. Based on these unique structural features, TYRO3, AXL, and MER form a subfamily of RTKs abbreviated as TAMs.
Mice lacking all three TAMs (a TYRO3/AXL/MER triple knock-out) develop normally but demonstrate impaired ability to clear apoptotic cells (ACs) in multiple tissues, elevated levels of pro-inflammatory cytokines such as TNF-␣ and IL-6, and auto-antibody production. With age, these mice develop symptoms reminiscent of systemic lupus erythematosus (4) . Unlike other RTK knock-out mice that are often embryonically lethal, single TAM mutant mice are viable and have mild abnormalities; TYRO3 knock-out mice show neurological disorders, and AXL knock-out mice have increased vascular permeability and impaired vascular remodeling (5) (6) (7) . Interestingly, only MER knock-out mice recapitulate much of the biology of the triple knock-out with respect to autoimmunity (5, 8 -10) . Thus, TAMs appear to contribute to the clearance of ACs and control of inflammatory responses (11) .
While the loss of TAM receptors in adult tissues causes defects in cellular processes that regulate homeostasis, remodeling, and inflammation, all three TAMs have been also impli-* This work was supported in part by National Institutes of Health Grants cated in human cancers (12) . Although TAMs are expressed predominantly in myeloid-derived hematopoietic cells, they are also found in other cell types including normal epithelial and endothelial cells (2, 11, 13) . Notably, TAMs are overexpressed in a variety of cancers and possess a gain-of-function ability to activate oncogenic and survival signaling pathways (14) . In many of these cancers, the level of overexpression positively correlates with chemo-resistance, metastasis, and poor survival outcomes (15) .
TAMs are activated by the interaction with growth arrestspecific gene 6 (GAS6) and protein S (PROS1), the two best characterized ligands for TAMs (16) . These secreted glycoproteins share about 40% sequence identity and both contain an N-terminal glutamic acid-rich Gla domain, followed by four tandem EGF-like domains, and a C-terminal sex hormonebinding globulin (SHBG) domain comprised of two Laminin G (LG) domains (17) . The LG domains are required for TAM binding and the activation of post-receptor signaling pathways that include PI3-kinase/AKT, ERK, and PLC-␥ (18 -20) . The functional importance of other domains of GAS6 and PROS1 for TAM activation remains to be elucidated.
During secretion from producing cells, both GAS6 and PROS1 are constitutively ␥-carboxylated on glutamic acid residues in their N-terminal Gla domains by a vitamin K-dependent ␥-carboxylase. The ␥-carboxylated Gla domain binds Ca 2ϩ and enables PROS1 and GAS6 to regulate coagulation and clotting (21, 22) . In addition, the ␥-carboxylation of GAS6 and PROS1 facilitates their Ca 2ϩ -dependent interaction with anionic phospholipids including externalized phosphatidylserine (PS) on ACs (23) and enveloped viruses such as Ebola, HIV, and Dengue (24 -26) . Therefore, GAS6 and PROS1 act as bridging factors: their ␥-carboxylated Gla domains bind to PS and opsonize ACs, whereas their LG domains interact with TAMs. This enables TAMs to bind indirectly to ACs and act as efferocytosis receptors (27) . Moreover, activation of TAMs leads to the suppression of NF-␤ signaling; thus, TAMs act as immuno-regulatory receptors that dampen inflammation (28) . In recent years, several additional TAM ligands, including TUBBY, TULP-1, and Galectin-3, have been reported; however the functions of these new ligands are still emerging (29, 30) .
While a general paradigm for TAM signaling has emerged in recent years, it is important to investigate whether TAMs have unique or overlapping modes of ligand-triggered receptor activation. While previous studies have shown that different TAMs have various affinities toward their ligands (31) , these studies did not investigate receptor activation status or whether the nature of the signaling is altered in the presence of ACs.
To compare ligand-receptor interaction of all three TAM receptors, we generated a series of reporter cell lines expressing chimeric TAM receptors. Our studies revealed that each TAM receptor demonstrates a unique pattern of activation by GAS6 and PROS1 that is also differentially affected by the presence of ACs or PS-containing vesicles. These studies suggest that, despite their similarity, TYRO3, AXL, and MER perform distinct functions in the recognition and removal of ACs.
EXPERIMENTAL PROCEDURES
Cells, Culture Condition, and Apoptosis Induction-CHOderived 16 -9 cells (32) were cultured in HAM's F12 media. Jurkat cells were cultured in RPMI media. HEK293TN cells were cultured in DMEM media. All media were supplemented with 10% FBS, 100 IU/ml ampicillin, and 100 g/ml streptomycin. All cells were cultured in a humidified chamber with 5% CO 2 . For apoptosis induction, Jurkat cells were washed with PBS twice and treated with 10 M camptothecin (CPT) for 5 h in serum-free media or UV irradiated for 1 min (25 mJ/cm 2 ) and left in serum-free media for 5 h. The percentage of cell death was evaluated by propidium iodide (PI; BioLegend) and FITCconjugated Annexin V (BioLegend) staining followed by flow cytometry.
Generation of Chimeric Receptor Constructs and Reporter Cell Lines-cDNA fragments encoding the extracellular domains (ECDs) of mTYRO3 (1-418), mAXL (20 -443) , mMER (21-496), hTRYO3 , hAXL , and hMER (21-500) were amplified by PCR using sequence specific primers flanked with restriction enzyme sites at the ends. PCRgenerated DNA fragments were digested with restriction enzymes and cloned into corresponding sites of pEF2-FL-CRF2-12/IFN-␥R1 plasmid (33) to replace the extracellular domain of IFN-R1. The cloning generated pEF2-mTyro3/ IFN-␥R1, pEF2-FL-mAxl/IFN-␥R1, pEF2-FL-mMer/IFN-␥R1, pEF2-FL-hTYRO3/IFN-␥R1, pEF2-FL-hAXL/IFN-␥R1, and pEF2-FL-hMER/IFN-␥R1 plasmids, which contain mouse or human TAM extracellular domains and transmembrane and intracellular domains of human IFN-␥R1. The constructs were transfected into CHO-derived 16-9 cells and stable cells were selected in 400 g/ml G418. Single stable clones were selected by limiting dilution and responsiveness of individual clones to GAS6 and PROS1 was determined by ligand-induced pSTAT1 activation. The expression of chimeric receptors was determined by immunoblotting with antibody (Ab) against human IFN-␥R1 C terminus (Santa Cruz Biotechnology).
Detection of Activation of Chimeric TAM Receptors-Stable cell lines expressing chimeric TAM receptors were starved for 5 h in serum-free HAM's F12 media. Purified GAS6 (Amgen, R&D Systems or Abnova) or hPROS1 (Hematologic Technologies Inc.), or HEK293TN cell-conditioned media containing GAS6 or PROS1 were added, and cells were incubated at 37°C for 30 min. For AC, liposome, and viral assays, protein ligands were premixed with 2 ϫ 10 6 apoptosis-stimulated or untreated Jurkat cells, or 0.5 mM phospholipid vesicles, or viral particles (1 to 10 ϫ 10 6 CFU) for 30 min at 22°C and then added to the reporter cells for 30 min at 37°C. Jurkat cells, liposomes, or viral particles were washed away by PBS without Ca 2ϩ and Mg 2ϩ . Whole cell lysates of reporter cells were prepared by lysing cell pellets in lysis buffer containing 100 mM Tris-HCl (pH 8), 150 mM NaCl, 1% Nonidet P-40 (Nonidet P-40), 20% glycerol, 0.2 mM EDTA, 1 mM DTT, 0.2 mM PMSF, 1 mM Na 3 VO 4 , protease inhibitor mixture (Sigma). Protein concentration was determined by Bradford assay using BSA as a standard (Bio-Rad). Equal amounts of proteins were subjected to SDS-PAGE followed by immunoblotting with Ab against pSTAT1-Y701 (BD Bioscience) to assess the activation of chimeric TAM receptors.
Generation of Soluble TAM Receptor Construct and PNGaseF
Treatment-cDNA fragments encoding mTYRO3 (26 -418) , mAXL (20 -443) , mMER were cloned into a pEF2-SPFL vector (34) that provided a signal peptide followed by the FLAG epitope tag fused in-frame with mTAM ECDs. HEK293TN cells were transfected with the resulting expression plasmids (pEF2-FL-sol-mTyro3, pEF2-FL-sol-mAxl, and pEF2-FL-sol-mMer). Cells were refed with serum-free DMEM after 16 h, and the conditioned media were collected at 72 h posttransfection. Soluble mTAM receptors containing only Ig-like domains were produced in insect cells. cDNA corresponding to amino acid sequences of mTYRO3 (31-212), mAXL (26 -221) , and mMER (89 -280) were cloned into pIEx baculovirus vector with a His-tag (EMD Millipore). Transfection and virus amplification were performed with Bacmagic-2 (EMD Millipore) in suspension cultures of Sf9 insect cells. For protein production, insect High Five cells were cultured in suspension and grown to a density of 2 ϫ 10 6 cells/ml in Express Five SFM (Invitrogen). High Five cells were then infected at a multiplicity of infection (MOI) of 10 and harvested by centrifugation (800 ϫ g, 20 min) 72 h postinfection. Cell pellet were resuspended in 25 mM Hepes (pH 7.5), 250 mM NaCl, 500 mM L-Arg, 10% glycerol, and lysed by sonication. Soluble TAM-Igs were purified from cell lysate by using Ni-IDA affinity column (Clontech). Further protein purification was achieved by ion-exchange chromatography over a Mono Q 5/50 GL column (GE Healthcare) followed by size exclusion chromatography over a HiLoad 16/60 Superdex 200 prep grade column (GE Healthcare) into a buffer containing 25 mM HEPES (pH 7.5), 200 mM NaCl.
To investigate the N-linked glycosylation, PNGase F (New England Biolabs) treatment was performed according to the manufacturer's protocol. In brief, 50 ng of soluble receptors were boiled in denaturing buffer (0.5% SDS, 40 mM DTT) for 10 min. 50 units of PNGase F, 1% Nonidet P-40, and 50 mM sodium phosphate buffer (pH 7.5) were added, and reactions were incubated for 2 h at 37°C. Products were separated by SDS-PAGE followed by immunoblotting with Abs against FLAG (M2, Sigma) or His-tag (Thomas Scientific).
Production of ␥-Carboxylated and Non-carboxylated GAS6 and PROS1-HEK293TN cells were transfected with pSecTag2-hGAS6, pcDNA6-mPROS1-myc-His, or pCMV-SPORT6-mGAS6. After 16 h transfection, media were replaced with serum-free DMEM supplemented with 10 g/ml vitamin K1 (Phytonadione injectable emulsion; Hospira) for ␥-carboxylated protein production. Conditioned media were collected 72 h post-transfection. For non-carboxylated protein production, cells were initially grown in complete media containing 2 M warfarin (Sigma) for 24 h before transfection, and warfarin was also added after transfection to inhibit ␥-carboxylation until conditioned media collection. Protein expression and ␥-carboxylation were checked by immunoblotting with Abs against GAS6 (R&D Systems), His-tag and ␥-carboxylglutamic acid (Sekisui Diagnostics). hGAS6 concentration in conditioned media was estimated by comparison to purified hGAS6 (Amgen) by immunoblotting with GAS6 Ab.
Preparation of Phospholipid Vesicles-Large multilamellar vesicles (LMV) were either prepared by mixing L-␣-phosphatidylcholine (PC; chicken egg, Avanti Polar Lipids) and L-␣-phosphatidylserine (PS; porcine brain, sodium salt, Avanti Polar Lipids) in chloroform at 7:3 molar ratios or by using pure phospholipids. Lipids were stored in chloroform and dried under constant nitrogen gas to evaporate organic solvent in chemical hood for 2 h. The dry lipid films were rehydrated by adding PBS at a concentration of 5 mM and vigorous votexing for 5 min to form a milky liposome solution. All liposomes were used the same day of preparation at 0.5 mM final concentration in all experiments.
GAS6 and Soluble TAM-Igs Co-precipitation-Each TAMIgs-His tag (10 nM) was mixed with ␥-carboxylated or noncarboxylated hGAS6-conditioned media (ϳ50 nM) in 0.2 ml binding buffer containing 10 mM HEPES (pH 7.4), 140 mM NaCl, 5 mM KCl, 2.5 mM CaCl 2 , 1 mM MgCl 2 , and the mixtures were incubated at 4°C for 1 h. One-twentieth of volume was saved for input loading control. TALON metal affinity resin (15 l, Clontech) and 0.5 ml binding buffer were added to the mixture and kept at 4°C overnight with gentle rotation. The beads were washed with binding buffer containing 0.1% Triton X-100 and Nonidet P-40 three times. Protein complexes were eluted by non-reducing protein loading dye at 100°C for 10 min. A third of the eluted protein mixture was reduced by the addition of 2-mercaptoethnol (5% final concentration) for reducing condition. Proteins were separated by SDS-PAGE and immunoblotted with Abs against hGAS6 (non-reducing condition) and His-tag (reducing condition).
Virus Production-Vesicular stomatitis virus (VSV) was prepared as described previously (35) . In brief, ARPE-19 cells were inoculated with VSV, and virus containing media were collected at 24 h postinfection. The media were centrifuged at 3000 ϫ g for 10 min to remove large cellular debris followed by 71,000 ϫ g at 4°C for 1 h to pellet the viral particles. The virus pellet was resuspended in TE buffer (1 mM Tris-HCl (pH 7.5), 1 mM EDTA) with 10% DMSO and centrifuged through a 7-60% discontinuous sucrose gradient composed of steps of 2 ml of 60% (w/w) sucrose, 3 ml of 45% sucrose, 4.5 ml of 25% sucrose and 1.5 ml of 7% sucrose. Sucrose solutions were prepared in HEN buffer (10 mM HEPES (pH 7.4), 1 mM EDTA, 100 mM NaCl). The virus containing band was collected from the gradient after overnight centrifugation at 130,000 ϫ g at 4°C and diluted with TE buffer. The virus was pelleted again by centrifugation at 130,000 ϫ g at 4°C for 1 h to remove sucrose and resuspended in TE/DMSO buffer. Viral titers were determined by standard plaque assay on ARPE-19 cells.
Quantification of Immunoblot Intensities-Immunoblot data were obtained within a linear range of exposure and intensities were quantified by Image Studio Lite software (LI-COR). The levels of TAM/␥R1 activation were measured by pSTAT1 signal intensities normalized to intensities of actin protein loading controls. For the combination treatments, signal intensities of pSTAT1 activation induced by lipid-containing liposomes or ACs alone were subtracted from intensities of signals induced by the combination treatments; and the levels of pSTAT1 activation induced by ligand combined with other treatments were plotted as a fold of enhancement or reduction over intensities induced by ligand alone (set as 1).
RESULTS
␥-Carboxylation of GAS6 and PROS1 Is Required for TAM Receptor Activation-To determine whether TAM RTKs have distinct or overlapping mechanisms of ligand-induced activation, we created a series of CHO-based reporter cell lines expressing human or mouse chimeric TAM receptors in which the extracellular domain of each TAM was fused in-frame with the transmembrane and intracellular domains of the human IFN-␥R1 chain (Fig. 1A) . RTK activation is assumed to be triggered by ligand-induced receptor dimerization or oligomerization. Homo-dimerization of the IFN-␥R1 intracellular domains is sufficient to trigger downstream IFN-␥ specific signaling and biological activities (36) . Binding of TAM ligands, GAS6 and PROS1, results in the dimerization of TAM extracellular domains (37, 38) that should cause dimerization of the IFN-␥R1 intracellular domains and induction of the downstream JAK-STAT signaling pathway in the reporter cells. Therefore, the activation of chimeric TAM receptors can be detected by TAM ligand-induced STAT1 phosphorylation as a common readout for all chimeric TAM receptors (Fig. 1A) . Immunoblotting with an antibody against the intracellular domain of human IFN-␥R1 demonstrated comparable levels of chimeric receptor expression in all stable cell lines (Fig. 1B) . Therefore, levels of STAT1 activation were expected to reflect the intensity of ligand-induced activation of chimeric TAM receptors.
Initially, we found that recombinant GAS6 proteins from different sources were not equally potent for triggering STAT1 phosphorylation in AXL/␥R1 reporter cells (Fig. 1C) . Since both GAS6 and PROS1 have been reported to undergo vitamin K-dependent ␥-carboxylation within the Gla domain, we investigated whether the ␥-carboxylation of ligands affected their abilities to trigger TAM receptor activation. To produce non- interferon ␥ receptor 1, transmembrane domain and intracellular domain. B, expression levels of chimeric TAM receptors were assessed by immunoblotting with Ab against the intracellular domain of human IFN-␥R1. C, reporter cells expressing chimeric mAXL/␥R1 receptors were starved for 5 h in serum-free media and treated with GAS6 obtained from different sources (Amgen (50, 10, or 2 nM hGAS6), R&D Systems (100 nM hGAS6 or mGAS6), Abnova (100, 10 nM hGAS6)] for 30 min at 37°C. The activation of chimeric mAXL/␥R1 receptors was assessed by pSTAT1 immunoblotting. D, HEK293TN cells were transiently transfected with expression plasmids encoding human GAS6 (hGAS6) and His-tagged mouse PROS1 (mPROS1) and grown in serum-free media containing 10 g/ml vitamin K1 (marked as K) or 2 M warfarin (marked as W) for 72 h. The conditioned media were collected and resolved by SDS-PAGE followed by immunoblotting with Abs against hGAS6, His-tag and ␥-carboxyglutamic acid. Sample preparation for the detection of hGAS6 and His-tag were done under non-reducing conditions. E-G, serum-starved reporter cells expressing chimeric mTAM/␥R1 receptors were treated with either conditioned media containing TAM ligands produced in the presence of either vitamin K1 (K) or warfarin (W) in E, or with 50 nM of recombinant hGAS6 (Amgen) or hPROS1, or 20% fetal bovine serum (FBS) in F or with 50 nM of hGAS6 (Amgen), hPROS1 or hamster IFN-␥ (10 ng/ml) in the absence or presence of 0.5 mM EDTA in G for 30 min at 37°C. Warfarin was also added to the conditioned media with vitamin K-derived ligands (pW) immediately before mMER/␥R1 cell stimulation (E, most right panel). The activation of chimeric TAM receptors was assessed by pSTAT1 immunoblotting. Parental cells stably transfected with plasmid expressing red fluorescent protein (RFP) were used as a negative control; hamster IFN-␥ (10 ng/ml) was used as a positive control to trigger STAT1 activation through the endogenous hamster IFN-␥ receptor (F, most right panel). Immunoblotting results are representative results of three independent experiments. carboxylated ligands, GAS6 or PROS1-expressing HEK293TN cells were treated with warfarin, which blocks endogenous vitamin K epoxide reductase and prevents ␥-carboxylation biosynthesis. In the presence of warfarin, GAS6 and PROS1 were still secreted into the conditioned media, but ␥-carboxylation of the Gla domain was completely abolished (Fig. 1D) . Interestingly, although both ␥-carboxylated or non-carboxylated hGAS6 and mPROS1 were predominantly present as monomers in solution, they also formed dimers and ␥-carboxylation appeared to increase the ratio between monomers and dimers of both ligands.
While it is well known that ␥-carboxylation within Gla domains of coagulation factors are essential for their clotting functions (21) , the importance of ␥-carboxylation of PROS1 and GAS6 in TAM receptor activation is still unclear. To determine the relationship between GAS6 and PROS1 ␥-carboxylation and the ability of ligands to activate TAMs, we used HEK293TN cell culture supernatants containing ␥-carboxylated or non-carboxylated GAS6 and PROS1 to stimulate TAM reporter cells. STAT1 activation was strongly induced only by ␥-carboxylated ligands produced in the presence of vitamin K, whereas the inhibition of ␥-carboxylation by warfarin dramatically reduced the ability of GAS6 and PROS1 to activate chimeric TAM receptors (Fig. 1E) . To eliminate the possibility that warfarin directly affected the chimeric receptor activation, we added warfarin to vitamin K derived ligands immediately before cell stimulation (labeled pW in the right panel in Fig. 1E ). Under these conditions, the addition of warfarin failed to block ligand induced activation of STAT1, confirming that ␥-carboxylation, a post-translational modification following protein synthesis, is required for both GAS6 and PROS1-induced TAM activation. Therefore, commercial available recombinant GAS6 proteins which were lacking Gla domain or generated with insufficient supplement of vitamin K were not as potent as those purified by affinity chromatography specifically for ␥-carboxylated proteins (Amgen) to induce TAM receptor activation (Fig. 1C) .
Chimeric TAM Receptors Show Distinct Ligand Inducibleactivation Patterns-When we analyzed the activation of the AXL/␥R1 cells with ␥-carboxylated GAS6 and PROS1, only the former activated the receptor (Fig. 1, C, right panel and E) . Therefore, to further investigate ligand specificity in relation to receptor activation, reporter cells were treated with recombinant ligands at a 50 nM concentration (Fig. 1F) . We observed that each of the TAM receptors responded to ligands in a distinct manner. PROS1 was more potent in triggering TYRO3 activation than equimolar amounts of GAS6, whereas MER responded to both ligands with relatively similar activation patterns. In stark contrast to TYRO3 and MER, AXL was exclusively activated by GAS6 and failed to respond to PROS1, either purified protein from pooled human plasma or fetal bovine serum that contains ϳ60 nM of bovine PROS1 in 20% FBS. There was no pSTAT1 detected in parental cells expressing red fluorescent protein (RFP) following treatment with either GAS6 or PROS1, whereas hamster IFN-␥ triggered strong STAT1 phosphorylation through the endogenous hamster IFN-␥ receptor, showing the integrity of the JAK-STAT pathway in the cells (Fig. 1F ). These results demonstrate that STAT1 activation was mediated by chimeric TAM/␥R1 receptors expressed in reporter cell lines, and therefore, STAT1 activation in reporter cell lines can be utilized as a standardized readout to evaluate and compare biological potencies of GAS6 and PROS1 toward specific TAM receptors.
Metal ions may participate in the regulation of protein functions, protein folding and protein-protein interactions. There are several calcium-binding sites within the Gla, EGF-like, and SHBG domains of PROS1 and GAS6 that may contribute to the ligand activity (39, 40) . Crystal structures of TAM domains also revealed the interaction between Ni 2ϩ , Zn 2ϩ , Ca 2ϩ
, and receptor residues (37, 38) . Therefore, we tested if metal ions may be involved in ligand-induced TAM receptor activation. PROS1 or GAS6 failed to activate TYRO3 or AXL, respectively, in the presence of chelating agent EDTA, whereas hamster IFN-␥ signaling was unaffected by EDTA in the reporter cells (Fig. 1G) . These results indicate that the metal ions present in the culture media are essential for both GAS6 and PROS1 induced TAM receptor activation, and ion binding may be required to maintain proper ligand structures, ligand-receptor interactions or conformational rearrangements.
Soluble TAM Receptor Ig Domains Can Serve as Specific Ligand Antagonists-Three-dimensional crystal structures of TYRO3 and AXL:GAS6 complexes reveal that the GAS6 binding pockets are located close to the interface of N-terminal Ig domains (37, 38) , although the contribution of the FNIII domains to ligand binding has not been investigated. To test if the FNIII domains of TAM receptors are involved in ligand binding, we compared the abilities of soluble mTAM receptors containing either entire TAM extracellular domains (2 Ig domains ϩ 2 FNIII domains; sTAM) or only N-terminal Ig domains (TAM-Igs) to act as ligand antagonists (Fig. 2) . Since each of the TAM receptors have multiple NX(S/T) glycosylation sites predicted by protein sequences (data not shown), we first treated soluble receptors with PNGaseF, an amidase that cleaves complex N-linked oligosaccharides from glycoproteins. Notably, both types of soluble TAM receptors produced from either HEK293TN cells (sTAM) or insect cells (TAM-Igs), showed reduction of molecular weight compared with untreated soluble receptors (Fig. 2, A and B) , demonstrating N-linked glycosylation of TAM receptors.
Next, we assessed the ability of mTAM-Igs to bind ␥-carboxylated or non-carboxylated hGAS6 by performing co-precipitation assay (Fig. 2C) . Among TAM-Igs, AXL-Igs were capable of binding the highest amount of GAS6, and both monomeric and dimeric forms of GAS6 were co-precipitated in approximately the same ratio as present in loading control. Because the majority of either ␥-carboxylated or non-carboxylated GAS6 were detected as monomers in solution (Figs. 1D and 2C, left  panel) , TYRO3-Igs demonstrated preference in binding GAS6 dimers irrespectively of ␥-carboxylation, whereas MER-Igs seemed to prefer binding monomers of GAS6 (when weak nonspecific binding of non-carboxylated GAS6 dimers to beads alone is subtracted; Fig. 2C ). In addition, both AXL-Igs and TYRO3-Igs preferentially bound to carboxylated GAS6, whereas MER-Igs showed better binding toward non-carboxylated GAS6. However, despite the fact that binding between non-carboxylated GAS6 and TAM-Igs was observed, none of TAMs was activated by non-carboxylated ligands (Fig. 1E) , suggesting that ␥-carboxylation may be required for a specific structural conformation.
To investigate whether TAM soluble receptors can serve as ligand antagonists, GAS6 was first mixed and incubated with equimolar amounts of soluble TAM receptors, and the mixture was then added to the AXL/␥R1 reporter cells because they selectively respond to GAS6 and not PROS1. Both sAXL and AXL-Igs blocked GAS6 induced STAT1 activation in the reporter cells, while at these concentrations none of the forms of soluble TYRO3 or MER were able to fully antagonize GAS6 activity (Fig. 2D) . These experiments support the notion that, in comparison to TYRO3 and MER, AXL has highest binding affinity to GAS6. Moreover, because the soluble Ig1 and Ig2 domains were sufficient to inhibit GAS6 activity, these data suggest that the FNIII domains do not play a major role in ligand binding.
Since PROS1 showed a greater specificity for TYRO3 (Fig.  1F) , we next examined if the soluble TYRO3 can act as a PROS1 antagonist (Fig. 2, E and F) . Indeed, in contrast to the AXL-Ig domains that were specific for GAS6, soluble TYRO3-Ig domains showed a strong inhibitory effect against PROS1 and were highly effective in blocking FBS, which contains ϳ60 nM endogenous bovine PROS1 (Fig. 2F) . Finally, soluble MER-Ig domains had minimal blocking effects toward either GAS6 or PROS1, and could not neutralize FBS induced activation. These results suggest that MER binds with the lowest affinity to GAS6 and PROS1.
To further analyze blocking abilities of TAM-Igs toward each ligand, we pre-incubated different concentrations of soluble TAM-Igs with GAS6 or PROS1. AXL-Igs achieved 50% inhibitory effect toward GAS6 at 10 nM concentration, which was hundreds of times lower than TYRO3-Igs (1.5 M) and MERIgs (6 M) (Fig. 3A) . In contrast, because PROS1 has the highest SEPTEMBER 12, 2014 • VOLUME 289 • NUMBER 37 binding affinity to TYRO3, only TYRO3-Igs could achieve 50% of inhibition of PROS1 induced TAM receptor activation in the nanomolar concentration range (Fig. 3B) . Taken together, these data are consistent with the fact that individual TAM receptors have distinct ligand-dependent activation, and the Ig domains of TYRO3 and AXL are sufficient to block PROS1-and GAS6-mediated activities, respectively.
Functional Characterization of TAM:Ligand Interactions

Phosphatidylserine (PS) Liposomes and Apoptotic Cells Differentially Modulate Ligand-induced TAM Activation-
Because ligand-inducible activation of TAMs depends on ␥-carboxylation, a biochemical modification predicted to mediate binding to anionic lipids such as PS, we investigated the effect of PS liposomes with the respect to the activation of each TAM receptor. The reporter cell lines were treated with either GAS6 or PROS1 in the presence of phospholipid liposomes containing either PS or phosphatidylcholine (PC), a neutral lipid (Fig. 4) . PC liposomes failed to enhance GAS6 or PROS1 induced activation of any of the three chimeric TAM receptors. In contrast, purified reconstituted PS liposomes or liposomes containing mixtures of PC and PS (PC/PS; 7:3 molar ratio) promoted both GAS6 and PROS1 induced activation of TYRO3 (Fig. 4, A and B) . Although it was previously reported that hPROS1 did not activate hTYRO3 (16, 41), we observed that hPROS1 induced signaling through hTYRO3/␥R1 at 100 nM concentration by which the activation of hMER/␥R1 was also achieved. The signaling was further enhanced by PS liposomes indicating that hPROS1 became a more potent ligand toward hTYRO3 in the presence of anionic lipid (Fig.  4B ). In addition, PS liposomes also strongly enhanced the activation of MER by either PROS1 or GAS6 (Fig. 4, C and D) . The effects of liposomes containing a PC/PS mixture on GAS6 and PROS1 activities were quite different, in that the presence of PC in liposomes strongly inhibited the enhancement of PROS1 stimulated MER activation by liposomes containing pure PS (Fig. 4, C and D) . PC was able to attenuate PS-mediated enhancement of PROS1-dependent MER activation only when PC and PS were present in the same liposome, because this inhibitory effect of PC was not observed when PC-and PScontaining liposomes were prepared separately and then mixed in 7:3 molar ratios (PCϩPS; Fig. 4C ). These results suggest that GAS6 and PROS1 interact with phospholipids differently, and that PROS1 induced MER activation is highly dependent on the presence and the local concentration of PS. Finally, unlike TYRO3 and MER, the activation of AXL by GAS6 was not enhanced in the presence of PS liposomes (Fig. 4, E and F) , and we even observed the reduction of activation in hAXL (Fig. 4F) , suggesting that AXL mainly responds to the soluble GAS6, and that AXL signaling is not enhanced and possibly even attenuated by anionic lipids.
Since MER was observed to have the greatest PS dependence on ligand-induced activation, we further investigated whether this enhancement can be affected by the presence of ligand antagonists. Consistent with our results (Fig. 2) , AXL-Igs and TYRO3-Igs acted as effective ligand antagonists of GAS6 and PROS1, respectively, even in the presence of PS liposomes (Fig.  4I ). In addition, because Annexin V binds to PS, we evaluated whether the presence of Annexin V may alter the effect of PS liposomes on GAS6 and PROS1 activities. We observed that PS-mediated enhancement of ligand-induced MER activation was greatly reduced, suggesting that Annexin V may act as a competitor of PROS1 and GAS6 for PS binding sites on liposomes.
To further evaluate the relevance of the PS enhancement on TAM-mediated signaling, we tested whether apoptotic cells (ACs) also impinge on the ligand-dependent activation of TAM receptors (Fig. 5) . In these assays, apoptosis was induced in Jurkat cells by either camptothecin (CPT) or UV irradiation in serum free media. The Annexin V positive population was 7% in untreated, 45% in CPT-treated, and 80% in UV-treated cells (Fig. 5A ). ACs were pre-incubated with ligands to coat ACs with either GAS6 or PROS1. To avoid the saturation of signal, we used lower concentrations of ligands. Activation of TYRO3 was moderately up-regulated after GAS6 or PROS1 was pre-mixed with live untreated Jurkat cells (Fig. 5, B and C) . The addition of ACs with ligands did not further enhance TYRO3 activation; even though the percentage of PS positive cell is higher in ACs than in live (untreated) cells (45 and 80% versus 7%; Fig. 5A ). The observation that the addition of Jurkat cells (untreated or ACs) alone can trigger weak activation of TYRO3 suggests that PS positive Jurkat cells are likely to be coated with bovine PROS1 from serum-containing media during cell culture before apoptosis induction. Thus, the residual bovine PROS1 bound to PS-containing Jurkat cells stimulated TYRO3 activation. In contrast, the activation of MER was moderately enhanced by untreated Jurkat cells pre-incubated with ligands, and the signal was further boosted by GAS6 and PROS1 coated ACs (Fig. 5, D and E) . These results imply that MER receptor is fully activated only in the presence of ACs. Unlike TYRO3 and MER receptors, ligand induced activation of AXL was only moderately affected by ACs (Fig. 5, F and G) . Altogether, these results indicate that all three TAM receptors possess very distinct activation patterns in the context of ACs and the proportion of PS significantly alters the ligand-induced activation in a TAM-specific manner.
Enveloped Viruses Potentiate Ligand-dependent Activation of TAM Receptors-Several studies have shown that TAM receptors and their ligands are involved in the entry of enveloped viruses into host cells (24 -26, 42, 43 ). GAS6 and PROS1 bind to PS on enveloped viruses, and these GAS6/PROS1-coated viruses may mimic ACs and utilize efferocytosis machinery to facilitate infection (44) . Although the kinase domain is dispensable for the viral entry (25, 43) , it is possible that ligand-coated enveloped viruses can still modulate TAM receptor signaling. To investigate whether enveloped viruses may potentiate ligand-induced TAM activation, we pre-incubated enveloped vesicular stomatitis virus (VSV) with either GAS6 or PROS1 for 30 min before TAM stimulation. The presence of VSV particles along with GAS6 or PROS1 potentiated ligand-inducible activation of TYRO3 (Fig. 6, A and B) and MER receptors (Fig. 6, C  and D) , but did not modulate AXL activation (Fig. 6, E and F) . We then tested whether higher concentrations of VSV particles would further enhance TAM activation. Consistent with the AC and PS liposome results (Figs. 4 and 5) , MER activation by both ligands was enhanced in a VSV dose dependent manner (Fig. 6, C and D) . TYRO3 activation particularly by PROS1 was also strongly increased in the presence of VSV (Fig. 6, A and B) .
DISCUSSION
While the TAM receptors (TYRO3, AXL, and MER) are defined by high sequence conservation in their catalytic kinase domain (ϳ75% amino acid identity), and a common organization (two Ig-like domains and two FNIII-like domains; Fig. 1A ) in their extracellular regions, it remains unclear at the functional level whether TAMs possess specific or overlapping modes of ligand-inducible activation. To systematically evaluate TAM activation by conventional ligands, GAS6 and PROS1, we created chimeric TAM/IFN-␥R1 (TAM/␥R1) receptors containing human or mouse TAM extracellular domains fused in frame to the transmembrane and intracellular domains of the human IFN-␥R1 chain. In this system whereby receptor dimerization triggers the well-characterized IFN-␥ receptor signaling, TAM receptor activation is assessed and normalized by the tyrosine phosphorylation of STAT1 in cells expressing TAM/␥R1. Using this reporter system, we show that TAMs have distinct and dynamic patterns of activation by PROS1 and GAS6 (Fig. 7, A-C) . In particular, we observed that AXL is activated exclusively by GAS6 but not PROS1 (Figs. 1, 4, and 6 ). In contrast, TYRO3 and MER are activated by both GAS6 and PROS1, although TYRO3 respond preferentially to PROS1, while MER shows weak activation toward both ligands (Figs. 1,  4 , 5, and 6).
Previous studies demonstrated that the concentration of GAS6 and PROS1 could be used as biomarkers for certain diseases. Many cancers, including breast cancer, demonstrate elevated GAS6 production along with AXL and MER overexpression (15), whereas lupus patients show different profiles of soluble TAM receptors and free PROS1 and GAS6 in plasma, which are also associated with common genetic variants and stages of disease (45, 46) . Therefore, one of the important utilities of these TAM reporter cell lines is to assess the activity of functional TAM ligands, as current conventional ELISA technology only provides information on the ligand concentrations, independent of whether the ligand is active or inactive. These cell lines can be also used to determine whether recently identified non-conventional TAM ligands (29, 30) can signal through TAM homodimers. In addition, these cell lines can be applied for screening potential agonists or receptor specific inhibitors in the form of neutralizing antibodies or drugs. Because TYRO3 and AXL respond preferentially to PROS1 and GAS6, respectively, TYRO3/␥R1 and AXL/␥R1 reporter cells can be used to detect and quantify levels of biologically active PROS1 and GAS6 in biological samples. Indeed, we observed that FBS and human plasma triggered pSTAT1 activation in TYRO3, but not AXL, reporter cells (Fig. 1 , C and F and data not shown). The concentration of the free form of PROS1 is ϳ100 nM, which is a hundred times higher than GAS6 concentration that is lower than 0.5 nM in human plasma (46, 47) . The fact that we did not observe activation of AXL by human plasma or FBS might also be explained by studies reporting that serum GAS6 exists in a complex with naturally occurring sAXL (48) . It is likely that GAS6 is functionally inert in the sAXL:GAS6 complex, because AXL-Igs act as a potent GAS6 antagonist (Figs. 2  and 3) .
Importantly, we discovered that both GAS6 and PROS1 required vitamin K dependent ␥-carboxylation of their N-terminal Gla domain for activity. We found that when GAS6 and PROS1 were prepared in the producer cells treated with warfarin, an inhibitor of cellular vitamin K epoxide reductase, the ␥-carboxylation of both ligands was blocked (Fig. 1D ) and neither ligand had measurable activity (Fig. 1E) . While one interpretation is that ␥-carboxylation of GAS6 and PROS1 is required for the binding of the proteins to anionic lipids (i.e. PS) in a manner analogous to coagulation factors, the fact that ␥-carboxylation is also required for GAS6-inducible activation of AXL (where PS does not enhance AXL activation; Figs. 4 -6) suggests a more complex scenario whereby ␥-carboxylation might be required for a specific structural conformation, or that this post-translational modification promotes assembly of a functional ligand:receptor complexes. However, despite the fact that non-carboxylated GAS6 had undetectable activity toward AXL, curiously it still retained binding activity to recombinant AXL-Igs (Fig. 2C ), albeit at a lower level, suggesting that receptor binding can be dissociated from functional activation. We are currently testing GAS6 truncation mutants in the Gla and EGF-like domains to better understand this relationship.
Interestingly, in addition to differences in the activation patterns by native ligands, we also found significant differences in the PS-dependence for the different TAMs. While PS enhanced activation of MER and TYRO3 by their respective ligands, it did not promote but rather attenuated the activity of GAS6 toward AXL (Figs. 4 -6 ). The crystal structure of GAS6-LG domains bound to AXL-Ig domains reveals that the first LG domain has two distinct epitopes that interact with and crosslink two molecules of AXL-Igs whereby each of them also possesses two independent spatially separate GAS6 binding sites (38) . Therefore, GAS6 alone is sufficient to induce AXL homodimerization in 2:2 stoichiometry. Interestingly, only one minor GAS6 binding site is highly conserved in all TAMs, whereas the second major GAS6 binding site in MER and TYRO3 is not preserved. This opens a possibility that whereas GAS6 alone can cause AXL homodimerization, and perhaps heterodimerization of AXL with MER or TYRO3, GAS6 alone is unable to induce MER or TYRO3 homodimerization (Fig. 7D) . Therefore, additional factors are required to promote dimerization or oligomerization of MER or TYRO3 bound to GAS6 in 1:1 stoichiometry. In support of this idea, PS exposed on the surface of ACs or enveloped viruses can provide crosslinking force sufficient to cause oligomerization of GAS6-bound MER or TYRO3 (Fig.  7E) . Indeed, we observed that only MER and TYRO3, but not AXL, demonstrated strong enhancement of GAS6 mediated activation in PS concentration dependent manner (Figs. 4 -6 ). In this scenario, the local concentration of PS can regulate the intensity of MER and TYRO3 signaling and their functions. Since only crystal structures of TYRO3-Igs and AXL-Igs:GAS6-LGs (37, 38), but not MER, have been solved, a completion of the three-dimensional structures of all TAM receptors with their ligands is needed to further advance our understanding of the functional architecture of ligand:TAM complexes.
Consistent with previous affinity studies demonstrating that GAS6 has a considerably higher affinity for AXL compared with MER (49), we also observed that, although all TAM receptors can be activated by GAS6, this ligand alone triggers stronger activation of AXL (Fig. 1F ) that was not further enhanced by the presence of PS (Figs. 4 -6 ). In addition, in both co-precipitation studies (Fig. 2) and in competition studies with soluble TAMs (Fig. 3) , the GAS6:AXL interaction was much more prominent compared with GAS6:MER and GAS6:TYRO3 interactions, suggesting that if AXL is co-expressed with either MER or TYRO3 in a single cell, AXL would be the preferred receptor for native GAS6 and will be preferentially engaged in ligand binding. However, in the presence of PS, either in the form of PS liposomes, apoptotic cells, or enveloped viruses (Figs. 4 -6) , GAS6 acquires the capability to induce stronger activation of MER; therefore, MER may act as a preferred receptor for GAS6 opsoninzed to PS. This hypothesis is also supported by studies of Nguyen et al. (50) demonstrating that ACs only enhance GAS6 induced receptor autophosphorylation in cells expressing MER, but not AXL. This raises an interesting possibility that following PS opsonization, GAS6 switches from preferential AXL binding to MER binding, and, taken further, that MER will function mainly as an efferocytosis receptor that interacts with the surface of ACs, while AXL interacts with un-opsonized GAS6 to stimulate conventional RTK signaling. In accordance with this scenario, we even observed that PS liposomes and high concentration of VSV virion particles reduced GAS6-mediated hAXL activation (Figs. 4F and 6F ). Such distinctions might indeed explain why MER(Ϫ/Ϫ) mice display a strong defect in the clearance of apoptotic cells, while AXL(Ϫ/Ϫ) mice are spared in the phenotype of abnormal clearance of ACs. We also observed that either ACs or PS-containing liposomes most strongly promoted GAS6 or PROS1 mediated activation of MER among all TAM receptors (Figs. 4 and 5) , further supporting the unique functional importance of MER in efferocytosis. The presence of PC within the PS-containing liposomes strongly inhibited enhancing effects of PS toward PROS1-induced MER activation (Fig. 4, C and D) . These results suggest that a certain threshold in local concentration of PS should be achieved on the surface of dying cells to mark them as apoptotic and appropriate for removal by MER-mediated efferocytosis. Presence of PC on the cell surface may prevent reaching levels of MER activation by PROS1 sufficient for efferocytosis and therefore spare cells from efferocytosis by allowing phagocytes to discriminate between ACs and non-ACs.
Recent studies showed that enveloped viruses could mimic ACs to enter cells by efferocytosis via PS recognizing TAM and TIM receptors (25, 51) . It is well established that viruses can hijack cellular machinery by many different ways from cell entry, replication to spreading (52) . Although the intracellular domain of TAM receptors seems not to be necessary for viral entry, the kinase activity is required for potentiation of virus infectivity (25, 53) . A recent study demonstrated that enveloped viruses can activate AXL and MER to attenuate type I IFN signaling in dendritic cells (43) . Here, we showed that GAS6 and PROS1 coated VSV potentiated ligand-dependent activation of TYRO3 and MER (Fig. 6) . These results indicate the PS coated GAS6 or PROS1 not only facilitate viral entry, but they also serve as "super ligands" to induce anti-inflammatory status by activating TAM receptors.
In addition to enveloped viruses and ACs, many cells including polymorphonuclear leukocytes, erythrocytes and tumor cells, secrete ectosomes, PS containing vesicles (54) , which act similarly to ACs and stimulate production of anti-inflammatory cytokines in MER dependent manner (55) . There is a growing body of evidence supporting the involvement of TAMs at multiple levels of tumor development and progression including promotion of proliferation and survival of cancer cells and establishment of immunosuppression (14) . Recent studies by Paolino et al. (56) demonstrated that suppression of TAM activities with warfarin, kinase inhibitors or by ablation of TAM-specific E3 ligase exerts anti-metastatic activity by eliminating TAM-mediated inhibition of NK cells. Therefore, TAM signaling axis represents an attractive target for cancer therapy. Indeed, PS blockade with a monoclonal antibody bavituximab in patients with solid tumors resulted in tumor vessel occlusion and enhanced antitumor immunity (57) . Our studies reveal distinct regulation of TAM receptor activation by GAS6, PROS1, and PS, and suggest that TAMs may play specific non-overlapping activities in cancer.
While our system thoroughly examined the differences in the binding of known ligands to TAMs, an equally important question is whether TAMs have unique or overlapping modes of post-receptor signaling. It is known that TAM receptors are differentially expressed in mature immune, nervous, reproductive, and vascular systems (11) , and have different patterns of transcriptional regulation. For example, mammary epithelial cells express MER only in the involution stage, whereas AXL is up-regulated by IFN-␣ in dentritic cells (13, 58) . Moreover, it remains to be determined whether in cells that co-express more than one TAM receptor, the receptors can heterodimerize, and if so, how this affects ligand receptor interactions as well as post-receptor signaling.
In conclusion, we have developed a complete series of reporter cell lines for human and mouse TAMs that allowed us to comprehensively compare the modes of ligand-inducible TAM activation by conventional TAM ligands, GAS6 and PROS1. The studies demonstrate that TAMs interact with their ligands in unique ways that depend on the context in which the ligands are presented to the TAM extracellular domains, and therefore reveal a previously unappreciated functional diversity of TAM receptors.
